Greenhouses are important for stable food production, but require large amounts of energy to maintain their microclimate in regions with harsh climates. This study assessed the internal thermal insulation performance of thermal curtains in double-layered plastic greenhouses in Korea in winter using cover surface temperature changes and heat transfer coefficients (U values). The thermal curtain performance increased as the temperatures of the inner cover surface increased and the outer cover surface decreased. The outer cover surface temperature with thermal curtains was almost uniformly 1.9 • C lower than that without thermal curtains, whereas the inner cover surface temperature was higher, demonstrating the warming effect of thermal curtain use. Under a constant indoor and outdoor air temperature difference, the daily average heating energy consumption was directly proportional to the U value. The U values were 2.76 W m −2 • C −1 with thermal curtains and 3.85 W m −2 • C −1 without thermal curtains. In double-layered plastic greenhouses that were covered with 0.1-mm-thick polyethylene, incorporating thermal curtains at night resulted in energy savings of about 28.7%, which was related to the decrease in U values. Installing and using thermal curtains at night in winter is a highly economical method for heating savings. These results can be used to promote energy savings in greenhouses in harsh climates.
Introduction
Greenhouses have an important role in supporting stable vegetable production and supply in Korea [1] . However, one of the major limitations of greenhouses is their energy cost, because a suitable microclimate for vegetable production must be maintained regardless of severe external weather conditions, especially in winter [2] [3] [4] . In Korea, fossil fuels for heating greenhouses account for 30-40% of the total operation costs of protected horticultural structures, such as plastic greenhouses [5, 6] . One method for reducing the heating costs of horticulture agriculture is in the development of renewable energy sources that can replace fossil fuels, and many recent studies have examined the application of renewable energy sources to greenhouses. Despite these efforts, it is currently difficult to satisfactorily supply greenhouses with renewable energy sources to replace conventional fossil fuels [7] [8] [9] [10] . Instead, the use of thermal curtains, which is a passive method to decrease heat consumption in greenhouses, is currently the most economical, practical, and effective method for decreasing fossil fuel consumption [11] [12] [13] [14] . Thermal curtains decrease the heating loads of greenhouses by increasing their thermal resistance, which decreases heat transfer between indoor and outdoor air. This heat transfer in greenhouses is expressed as the heat transfer coefficient (U value) for each section of material covering a greenhouse [4, [14] [15] [16] [17] [18] .
Material and Methods

Experimental Greenhouse and System Description
Two single-span plastic greenhouse units were used in this study, one unit without thermal curtains (Figure 1a) , and one that is equipped with thermal curtains (Figure 1b,c) . The experimental greenhouses used in this research were double-layered, covered with a 0.1-mm-thick polyethylene film in both the inner and outer layers of the greenhouse. The inner useable floor area of the experimental greenhouse for cultivating plants was 225 m 2 (7.5 m × 30 m), the central height of inner cover was 3 m, and the distance between the inner and outer side layers was 25 cm. Strawberries were grown inside the experimental greenhouses. The two single-span plastic greenhouses were located in the Protected Horticulture Research Institute, South Korea (35 • 23 N, 128 • 42 E). Figure 2 presents a schematic diagram of the experimental greenhouse with thermal curtains. Thermal curtains, which reduce the heat loss in plastic greenhouses during winter at night, were installed on the inner plastic cover between the inner and outer layers of the double-layered greenhouse. The upper and side walls of the greenhouses were covered with the thermal curtain, while the front and rear end walls were not covered, which is a common configuration in typical plastic greenhouses with thermal curtains in Korea. The thermal curtain, which was drawn over the inner cover surface of the double-layered greenhouse, had a thickness of 5 cm and was composed of polyethylene sheets and cotton. The thermal curtains were kept closed over the inner plastic cover at night (17:30-08:30) Energies 2018, 11, 578 3 of 11 (Figure 1b) and were opened by rolling up to the central beam of the inner cover during the day (08:30-17:30) (Figure 1c) . The inner and outer layers of the side wall of the double-layered greenhouse were kept closed at night to maintain warmth, while the lateral walls automatically opened to allow for natural ventilation when the indoor air temperature during the day reached above 25 • C, representing the daily maximum temperature for fruit-bearing strawberry crops [23] . The lateral wall was opened and closed by rolling the inner and outer layers up or down using an electric motor.
The experimental greenhouses were equipped with two hot-water boilers, which distributed hot water through pipes that were installed over the length of the greenhouses at both sides of the inner layer to heat the indoor air of the greenhouses. Hot-water heating involves the circulation of boiler-heated warm water through pipes installed within the greenhouses, and uses the heat that was emitted from the surface during circulation. This type of heating requires time for water to heat; however, it also retains heat even after the boiler has been turned off. The hot-water boilers, a common heating system used in greenhouses in Korea, were operated at night. The heating temperature of the experimental greenhouse was set at 8 • C, which is the target temperature typically used by strawberry growers during the fruit-bearing period in Korea [23] .
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Energy Analysis Methodology
The energy saving effect with and without thermal curtains of the double-layered greenhouse can be estimated based on the thermal curtain effectiveness (CEF) [15] :
where Q WITHOUT is the average energy consumption at night without thermal curtains (kWh) and Q WITH is that with thermal curtains. The rate of energy consumption, assuming steady state conditions, was determined using the following equation [4, [15] [16] [17] [18] :
where Q is the average nighttime energy consumption, U is the overall heat transfer coefficient (U value), A C is the greenhouse cover area, and ∆T is the average indoor and outdoor air temperature difference at night.
Results and Discussion
Greenhouse Temperature
The environmental conditions were measured over 14 consecutive days. The outdoor air temperature varied between −13.1 and 12. Figure 3a,b show the daily variation in air temperature inside and outside the greenhouse and the inner and outer cover surface temperatures without and with thermal curtains for 14 consecutive days. The inner surface temperature was similar to the indoor air temperature, and the outer surface temperature was similar to the outside air temperature. The indoor air and surface temperatures during the day, which was not heated, followed the same trend as the outdoor air temperature.
During this 14-day period, the indoor air, inner surface, and outer surface temperatures of the greenhouse without thermal curtains varied between 3.8 and 26.8 • C, 0.1 and 25.9 • C, and −10.6 and 19.6 • C, respectively, while the greenhouse with thermal curtains showed variations between 6.0 and 28.4 • C, 3.8 and 32.5 • C, and −11.9 and 19.5 • C, respectively, when the outdoor air temperature ranged from −13.1 and 12.2 • C. The average indoor air, inner surface, and outer surface temperatures during the day were 18.8, 15.7, and 7.7 • C without thermal curtains and 19.1, 18.9, and 6.5 • C with thermal curtains, respectively, whereas the average indoor air, inner surface, and outer surface temperatures at night were 8.8, 5.7, and −2. that were similar to the target heating temperature (8 • C). However, the lowest temperature of the greenhouse without thermal curtains was 4.2 • C lower than the target heating temperature, and 2 • C lower for the greenhouse with thermal curtains. This appears to be due to the limitations in the heating capacity of hot-water boilers and the increase in the hat-water boiler heating times on days with extremely low external temperatures (e.g., −13.1 • C). Overall, these results confirmed that greenhouses with thermal curtains offered superior management of the greenhouse environment than greenhouses without thermal curtains.
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These results clearly demonstrate that the heat insulation effect of the greenhouse increased based on the higher temperature of the inner cover surface and lower temperature of the outer cover surface [22] . Moreover, the use of the thermal curtain system increased the heat insulation effect, which yielded an inner cover surface temperature that was closer to the indoor air temperature and an outer cover surface temperature that was closer to the outdoor air temperature [27] . These results imply that increasing the heat insulation effect using thermal curtains would be highly effective for promoting energy savings.
imply that increasing the heat insulation effect using thermal curtains would be highly effective for promoting energy savings. Figure 7 shows the daily experimental greenhouse energy consumption as a function of the indoor and outdoor air temperature difference with and without thermal curtains. Each point in Figure 7 represents the average energy consumption for one night. With increasing indoor and outdoor air temperature difference, energy consumption tended to increase. The average fuel Figure 7 shows the daily experimental greenhouse energy consumption as a function of the indoor and outdoor air temperature difference with and without thermal curtains. Each point in Figure 7 represents the average energy consumption for one night. With increasing indoor and outdoor air temperature difference, energy consumption tended to increase. The average fuel consumption for one night was calculated as 191 kWh at an average air temperature difference of 12.6 • C with thermal curtains and 267.8 kWh at an average air temperature difference of 12.8 • C without thermal curtains.
Assessment of Energy Consumption and U Values
The value of CEF determined from Equation (1) was 0.287, indicating an energy saving effect of 28.7% by incorporating the thermal curtain on the inner plastic cover between the inner and outer layers of the double-layered greenhouse.
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The value of CEF determined from Equation (1) was 0.287, indicating an energy saving effect of 28.7% by incorporating the thermal curtain on the inner plastic cover between the inner and outer layers of the double-layered greenhouse. It should be noted that energy consumption depended on the indoor and outdoor air temperature differences and U values, as derived from Equation (2) . However, in this experiment, the energy saving effect with thermal curtains was mainly represented by a decrease in U values because the indoor and outdoor air temperature differences were approximately the same, with (12.6 °C) and without (12.8 °C) thermal curtains ( Table 1) . The average U values with and without thermal curtains were 2.76 and 3.85 W m −2 °C −1 in Equation (2), respectively. Regarding the direct effects of the U values, the energy consumption of a plastic greenhouse decreased by 70.8 kWh when the U values decreased by 1 W m −2 °C −1 . This indicated that the energy consumption for heating greenhouses depends on the U value, and installing thermal curtains for use at night is an economical and useful method to promote heating savings. In addition, the results of this study can be used to promote the use of thermal curtains in horticultural agriculture in Korea, as well as in other countries, to decrease operation costs. 
Conclusions
The thermal insulation effect of a plastic greenhouse was evaluated based on air and cover surface temperature changes and U values. When the greenhouses with and without thermal curtains had similar indoor and outdoor air temperatures, the greenhouse with thermal curtains exhibited a greater inner and outer cover surface difference than that without thermal curtains. Regarding the outer cover surface temperatures, the temperature of the greenhouse with thermal curtains was almost uniformly 1.9 °C lower than that without thermal curtains at night during the experimental period. The greenhouses with and without thermal curtains reached maximum air and It should be noted that energy consumption depended on the indoor and outdoor air temperature differences and U values, as derived from Equation (2) . However, in this experiment, the energy saving effect with thermal curtains was mainly represented by a decrease in U values because the indoor and outdoor air temperature differences were approximately the same, with (12.6 • C) and without (12.8 • C) thermal curtains ( Table 1) . The average U values with and without thermal curtains were 2.76 and 3.85 W m −2 • C −1 in Equation (2), respectively. Regarding the direct effects of the U values, the energy consumption of a plastic greenhouse decreased by 70.8 kWh when the U values decreased by 1 W m −2 • C −1 . This indicated that the energy consumption for heating greenhouses depends on the U value, and installing thermal curtains for use at night is an economical and useful method to promote heating savings. In addition, the results of this study can be used to promote the use of thermal curtains in horticultural agriculture in Korea, as well as in other countries, to decrease operation costs. 
The thermal insulation effect of a plastic greenhouse was evaluated based on air and cover surface temperature changes and U values. When the greenhouses with and without thermal curtains had similar indoor and outdoor air temperatures, the greenhouse with thermal curtains exhibited a greater inner and outer cover surface difference than that without thermal curtains. Regarding the outer cover surface temperatures, the temperature of the greenhouse with thermal curtains was almost uniformly 1.9 • C lower than that without thermal curtains at night during the experimental period. The greenhouses with and without thermal curtains reached maximum air and cover surface temperatures that were between 12:20 and 13:30, and minimum air and cover surface temperatures at 7:20-7:50, demonstrating a particular need for heating during this period. The minimum inner cover surface temperature of the greenhouse with thermal curtains occurred at 08:30, the moment when the thermal curtains were rolled up.
The U values had an important role in determining the heating energy consumption in the greenhouse, and the U value and fuel usage rates were closely correlated, which was 2.76 W m −2 • C −1 with thermal curtains and 3.85 W m −2 • C −1 without thermal curtains. Regarding energy consumption and U values in the greenhouses with and without thermal curtains, the energy consumption decreased by 70.8 kWh with a 1-W m −2 • C −1 decrease in U value. Installing thermal curtains is an effective method to promote heating savings, and the use of thermal curtains in greenhouses at night could yield energy savings of 28.7%, which is similar to the difference in the U values between greenhouses with and without thermal curtains. Therefore, thermal curtains are an effective method for decreasing U values by increasing thermal insulation. The results of this study are particularly applicable to greenhouses commonly used in Korea; however, they can be applied to similar set-ups in similarly harsh climates.
